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A catenated structure is formed through dynamic self-
assembly of 1,3-bis(4-pyridyloxy)propane and cis-protected
Pd(II) metal with ethylenediamine in water. 1HNMR spectra
have revealed that the formation of [2]catenane is dependent on
the concentration of macrocyclic ring. We have performed the
structural analysis of macrocyclic ring and [2]catenane using
HHCOSY and ESI MS. The dynamic process of the catenation
has been elucidated by van’t Hoff plot and the formation of
[2]catenane is enthalpically favored in D2O, strongly suggesting
the hydrophobic interactions for the formation of [2]catenane.
Diffusion-ordered NMR spectroscopy (DOSY) distinguishes
between dinuclear self-assembled macrocyclic ring and [2]cate-
nane, indicating that [2]catenanes diffuse slower than macro-
cyclic rings in D2O.

Molecular catenanes have drawn a variety of attractions in
material-based research fields,1 since they provide potential for
developing molecular functional devices such as molecular
sensors2 and machines3 in nanosized dimension. Many chemists
have explored a number of catenane structures, demonstrating
performances with conceptual applicability.4 Hence, catenated
structures have been approached with diverse synthetic strategies
and are employed by noncovalent interactions such as hydrogen
bonding,5 donoracceptor of ³ electrons,6 and metal coordina-
tion7 as an interlocking driving force.

Dynamic self-assembly has been utilized as an intriguing
approach for the facile formation of catenane structures and, in
particular, Pd(II) metal-coordinated self-assembly with appro-
priate ligands provides opportunity for dynamic formations of
catenane, taking advantage of the lability of PdN bond in
aqueous media.1b,8

Since the spontaneous formation of catenated structures
using cis-protected Pd(II) metal was reported by Fujita’s group,9

self-assembly of catenanes has been enormously exploited in
terms of dynamic mechanism and unique structural features.
In aqueous media, most of the Pd(II)-mediated catenanes are
thermodynamically assembled under the reversible coordination
of Pdligand bond and seem to be geometrically interlocked by
³³ stacking interaction between macrocyclic ring components.
The aromatic group of the catenated macrocyclic ring compo-
nent is included in the cavity of self-assembled macrocyclic
ring. We describe a dynamic formation of catenated structure via
Pd(II) metal-coordinated self-assembly. In our system, ligand
molecules do not have additional aromatic groups except for the
pyridine moiety to be coordinated with Pd(II) metal, and the
cavity size of macrocyclic ring is relatively small and is
structurally fit to the inclusion of alkyl moiety of counterpart
ligand skeleton. Furthermore, it is interesting to note that the
cavity of our macrocyclic ring might exhibit the significant
affinity for aliphatic guest, which is comparable to the
association constant of ¡-cyclodextrin.

Ligand 1 was prepared from 4-chloropyridine hydrochloride
and 1,3-propanediol in the presence of excess amounts of NaH
according to the previous report10 and treated with equimolar
amounts of [Pd(en)(NO3)2] in D2O to afford 1:1 ligand-to-Pd(II)
ratio complex (Scheme 1). Generally, Pd(II) metal-mediated
self-assembly shows dynamic structural features and the
structural reorganizations according to its concentration have
been extensively studied in aqueous media.11 From the former
study, we expected that the 1:1 ligand-to-Pd(II) ratio complex
may be present as a series of oligomeric species in D2O.
However, the single 1HNMR set of the 1:1 ligand-to-Pd(II) ratio
complex implied the formation of single component (Figure 1a)
at low concentration (1mM by 1) without any oligomeric
structures.

The single proton NMR set might correspond to a dinuclear
macrocyclic ring rather than high ordered complex structures
(e.g., trimeric or tetrameric structures etc.), since the formation
of dinuclear macrocyclic ring is entropically more favorable and
dominant at low concentration in a similar system.11b,11c The
structural changes of the 1:1 ligand-to-Pd(II) ratio complex were
monitored in the concentration-dependent 1HNMR spectra
(Figure 1). As ligand 1 concentration is increased from 1 to
20mM, a new 1HNMR set appeared gradually and no more
complex species seemed to be present in even higher concen-
tration. The new NMR species at higher concentration was
characterized by 1HNMR, HHCOSY, and identified as a
[2]catenane structure. In 1HNMR and HHCOSY, the proton
of a pyridyl (Ha¤2) is observed at considerably higher field,
5.86 ppm, compared to the other peaks. Surprisingly, high
upfield shift of alkyl moieties (Ha3/Ha¤3 and Ha4/Ha¤4) is
observed in 1HNMR, implying the alkyl group is located inside
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Scheme 1. Dynamic Pd(II) mediated, self-assembly of [2]cate-
nane 2a and macrocyclic ring 2b.

Published on the web December 30, 201170
doi:10.1246/cl.2012.70

© 2012 The Chemical Society of JapanChem. Lett. 2012, 41, 7072 www.csj.jp/journals/chem-lett/

http://dx.doi.org/10.1246/cl.2012.70
http://www.csj.jp/journals/chem-lett/


the cavity of a macrocyclic ring component (Figure 1d and
Figure 2). In general, high-field shift of pyridine ligand in
1HNMR spectrum is characteristic of catenane structure, i.e.,
topologically shielded protons of catenanes are observed at a
relatively upfield region.9,12

Molecular modeling of a [2]catenane structure shows that
one of the alkyl groups in a macrocyclic ring is included in the
cavity of the other macrocycle (Figure 3a). On the other hand,
the double-splitting of HHCOSY (Ha1/Ha¤1 and Ha2/Ha¤2 of
Figure 2) coincidences with two nonequivalent pyridyl groups
of each ring in [2]catenane, which were assigned as a
(deshielded) and a¤ (shielded).

Since the steric demand of [PdII(en)] moiety and its small
cavity size obstruct the circumrotation between two macrocyclic
rings, the ring-shuttling of the [2]catanane locks and the C2

symmetry of the dinuclear macrocycle breaks in NMR time
scale. As a result, two ligands of one self-assembled macrocycle
become diastereotopically discriminated in 1HNMR spectra and

give the unique, double-split pattern. Molecular modeling has
revealed that the dinuclear macrocyclic ring has small cavity size
(ca. 7¡) in diameter (Figure 3b).

Dynamic catenation of macrocyclic ring was further verified
by ESI MS, diffusion-ordered NMR spectroscopy (DOSY), and
van’t Hoff analysis. The electrospray ionization mass spectrum
(See Supporting Information Figure S116) confirms [2]catenane
2a and macrocyclic ring 2b. The quasimolecular ions of
[2]catenane 2a, m/z 632, 458, 337, 285, 235 which corre-
spond to [M ¹ 3(NO3)]3+, [M ¹ 4(NO3)]4+, [M ¹ 5(NO3) ¹
(HNO3)]5+, [M ¹ 6(NO3)]6+, [M ¹ 7(NO3)]7+ respectively,
were observed in ESI MS. Whereas the quasimolecular ions
(m/z) with even number are also attributed to macrocyclic ring
2b as well as [2]catenane 2a, the observed fragment ions with
odd numbers confirm the formation of [2]catenane. DOSY study
(See Supporting Information Figure S216) has revealed that both
[2]catenane 2a and macrocyclic ring 2b diffuse more slowly
compared to small molecule, HOD as an internal reference and
self diffusion rates of two species are slightly different in D2O,
indicating that [2]catenane (2.51 © 10¹10m2 s¹1) moves slower
than the macrocyclic ring (3.16 © 10¹10m2 s¹1). From the
StokesEinstein equation,14 the hydrodynamic radius of macro-
cyclic ring and [2]catenane are determined to be 6.30 and
7.39¡, respectively, which are significantly comparable to the
calculated molecular radius in molecular modeling (Figure 3).

To define thermodynamic parameters controlling the cate-
nation process, the van’t Hoff analysis (Figure 4) of the
association constants between [2]catenane 2a and macrocyclic
ring 2b was carried out variable temperature 1HNMR experi-
ments (See Supporting Information Figure S316), which addi-
tionally confirmed the dynamic equilibrium between [2]catenane
2a and macrocyclic ring 2b. The catenation process is enthalpi-
cally favored (¦H° = ¹10.5 kcalmol¹1) and entropically less
favored (¦S° = ¹15.7 calK¹1mol¹1). The enthalpically driven
catenation indicates that the hydrophobic interactions between
macrocyclic rings contribute to the formation of catenated
structure 2a. In other words, the hydrophobic cavity of macro-
cyclic ring 2b results in the inclusion of the counterpart
macrocycle skeleton. Eventually, the hydrophobic interaction
between the ligands allows the two macrocyclic rings 2bs to
form a [2]catenane 2a in water.

In order to support the formation of dinuclear macrocyclic
ring and testify the macrocyclic cavity, n-butanol is employed as
a small organic guest and 1HNMR titrations (See Supporting
Information Figure S516) are carried out. In a low concentration
(2mM), where macrocyclic ring is solely present, macrocyclic
ring has significant binding affinity (Ka = 50M¹1) for n-butanol
in D2O, which is comparable to the affinity of ¡-cyclodextrin (¡-
CD),15 implying 2b is similar to ¡-cyclodextrin in the cavity size.

Figure 1. The concentration-dependent 1HNMR spectra (300
MHz, D2O, 25 °C) monitoring the dynamic equilibrium be-
haviors between [2]catenane 2a and macrocyclic ring 2b.
(a) 1, (b) 5, (c) 10, and (d) 20mM.
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Figure 2. HHCOSY spectrum (300MHz, D2O, 20mM) of
[2]catenane 2a and macrocyclic ring 2b.

(a) (b)

Figure 3. Molecular modeling structures of (a) [2]catenane 2a
and (b) macrocyclic ring 2b.13
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In conclusion, the Pd(II) metal-mediated self-assembly of
sterically restricted bispyridyl ligand 1 results in the dynamic
[2]catenation of macrocyclic ring, which is enthalpically driven
by the hydrophobic attraction. Its dynamic equilibrium between
macrocyclic ring and [2]catenane is observed in the concen-
tration- and temperature-dependent 1HNMR experiments. Dif-
fusion-ordered NMR spectroscopy (DOSY) shows that the
dynamically self-assembled, [2]catenane and macrocyclic ring
gives two different DOSY sets according to each diffusion rate
in D2O. The observed diffusion rates of two dynamic supra-
molecular structures could be interpreted in the perspective of
molecular volumes. The self-assembled macrocyclic ring has an
appropriate cavity which allows for self-catenation and, addi-
tionally, provides room for including guests with aliphatic
group, like n-butanol.
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Dr. Chulsoon Moon for helpful discussions of DOSY experi-
ments.

References and Notes
1 a) C. O. Dietrich-Buchecker, J.-P. Sauvage, Chem. Rev. 1987,

87, 795. b) D. B. Amabilino, J. F. Stoddart, Chem. Rev. 1995,
95, 2725. c) M. Fujita, Acc. Chem. Res. 1999, 32, 53. d)
Molecular Catenanes, Rotaxanes and Knots: A Journey
through the World of Molecular Technology, ed. by J.-P.
Sauvage, C. Dietrich-Buchecker, Wiley-VCH, Weinheim,
1999. e) Templated Organic Synthesis, ed. by F. Diederich,
P. J. Stang, Wiley-VCH, Weinheim, 1999.

2 a) M. D. Lankshear, P. D. Beer, Coord. Chem. Rev. 2006, 250,
3142. b) C. P. Collier, G. Mattersteig, E. W. Wong, Y. Luo, K.
Beverly, J. Sampaio, F. M. Raymo, J. F. Stoddart, J. R. Heath,
Science 2000, 289, 1172.

3 a) D. A. Leigh, J. K. Y. Wong, F. Dehez, F. Zerbetto, Nature
2003, 424, 174. b) E. R. Kay, D. A. Leigh, in Molecular

Machines in Topics in Current Chemistry, ed. by T. R. Kelly,
Springer-Verlag, Berlin, 2005, Vol. 262, pp. 133177.
doi:10.1007/128_011. c) J.-P. Sauvage, Chem. Commun.
2005, 1507. d) H. Y. Au-Yeung, G. D. Pantoş, J. K. M.
Sanders, Angew. Chem., Int. Ed. 2010, 49, 5331.

4 E. Coronado, P. Gaviña, S. Tatay, Chem. Soc. Rev. 2009, 38,
1674.

5 a) C. A. Hunter, J. Am. Chem. Soc. 1992, 114, 5303. b) R.
Jäger, F. Vögtle, Angew. Chem., Int. Ed. Engl. 1997, 36, 930.
c) M. D. Lankshear, N. H. Evans, S. R. Bayly, P. D. Beer,
Chem.®Eur. J. 2007, 13, 3861. d) Y. Li, K. M. Mullen,
T. D. W. Claridge, P. J. Costa, V. Felix, P. D. Beer, Chem.
Commun. 2009, 7134.

6 a) D. B. Amabilino, J. F. Stoddart, D. J. Williams, Chem.
Mater. 1994, 6, 1159. b) J. Lu, D. R. Turner, L. P. Harding, L.
T. Byrne, M. V. Baker, S. R. Batten, J. Am. Chem. Soc. 2009,
131, 10372. c) L. Fang, S. Basu, C.-H. Sue, A. C. Fahrenbach,
J. F. Stoddart, J. Am. Chem. Soc. 2011, 133, 396. d) F. B. L.
Cougnon, H. Y. Au-Yeung, G. D. Pantos, J. K. M. Sanders,
J. Am. Chem. Soc. 2011, 133, 3198.

7 a) C. O. Dietrich-Buchecker, J.-P. Sauvage, J. P. Kintzinger,
Tetrahedron Lett. 1983, 24, 5095. b) C. O. Dietrich-Buchecker,
J.-P. Sauvage, J.-M. Kern, J. Am. Chem. Soc. 1984, 106, 3043.
c) M. Fujita, K. Ogura, Coord. Chem. Rev. 1996, 148, 249.

8 a) C. Dietrich-Buchecker, B. Colasson, M. Fujita, A. Hori, N.
Geum, S. Sakamoto, K. Yamaguchi, J.-P. Sauvage, J. Am.
Chem. Soc. 2003, 125, 5717. b) C. W. Lim, S. Sakamoto, K.
Yamaguchi, J.-I. Hong, Org. Lett. 2004, 6, 1079. c) Y. Liu, A.
Bruneau, J. He, Z. Abliz, Org. Lett. 2008, 10, 765. d) C.
Peinador, V. Blanco, J. M. Quintela, J. Am. Chem. Soc. 2009,
131, 920.

9 M. Fujita, F. Ibukuro, H. Hagihara, K. Ogura, Nature 1994,
367, 720.

10 a) Synthesis of 1,3-bis(4-pyridyloxy)propane (1): 1HNMR
(300MHz, CDCl3): ¤ 8.44 (d, J = 5.9Hz, 4H, PyrH¡), 6.83 (d,
J = 6.3Hz, 4H, PyrH¢), 4.22 (t, J = 5.9Hz, 4H, PyrOCH2),
2.32 (quint, J = 6.0Hz, 2H, PyrOCH2CH2); 13CNMR
(75MHz, CDCl3): ¤ 165.0, 150.4, 110.3, 64.0, 28.2; HR-MS
(EI+): m/z calculated for M+ C13H14N2O2 230.1055; found
230.1058. b) K.-S. Jeong, Y. L. Cho, J. U. Song, H.-Y. Chang,
M.-G. Choi, J. Am. Chem. Soc. 1998, 120, 10982.

11 a) F. M. Romero, R. Ziessel, A. Dupont-Gervais, A.
Van Dorsselaer, Chem. Commun. 1996, 551. b) M. Fujita, O.
Sasaki, T. Mitsuhashi, T. Fujita, J. Yazaki, K. Yamaguchi, K.
Ogura, Chem. Commun. 1996, 1535. c) S. B. Lee, S. Hwang,
D. S. Chung, H. Yun, J.-I. Hong, Tetrahedron Lett. 1998, 39,
873.

12 A. Hori, K. Kumazawa, T. Kusukawa, D. K. Chand, M. Fujita,
S. Sakamoto, K. Yamaguchi, Chem.®Eur. J. 2001, 7, 4142.

13 a) Space-filling models for [2]catenane 2a and macrocyclic
ring 2b were produced by using Spartan ‘04 windows
(Wavefunction, Inc., Irvine, CA) software. The energy-mini-
mized conformations were determined by Monte Carlo
simulations via the molecular mechanics module of the
software with the “equilibrium conformer” model and Merck
molecular force field (MMFF94). b) T. A. Halgren, J. Comput.
Chem. 1996, 17, 490.

14 L. Allouche, A. Marquis, J.-M. Lehn, Chem.®Eur. J. 2006, 12,
7520.

15 a) M. V. Rekharsky, Y. Inoue, Chem. Rev. 1998, 98, 1875. b) J.
Ahn, S. M. Kim, T. H. Noh, O.-S. Jung, Dalton Trans. 2011,
40, 8520.

16 Supporting Information is available electronically on the
CSJ-Journal Web site, http://www.csj.jp/journals/chem-lett/
index.html.

2 M

2b

M
M

2a

M

M
M

M = [Pd(en)(NO3) ]2

(a) K

ΔΔ H°/kcal mol−1 Δ S°/cal K  mol−1 −1 Δ G°(300K) −1/kcal mol

−10.5

y = 5.2945x -7.9412
R² = 0.999

8.00

8.50

9.00

9.50

10.00

10.50

3.00

ln
 K

(b)

−5.7 −15.7

3.503.403.303.203.10
 × 10T−1 −13/K

Figure 4. Thermodynamic parameters (a) and van’t Hoff
analysis (b) of dynamic catenation process of macrocyclic ring
2b.

72

© 2012 The Chemical Society of JapanChem. Lett. 2012, 41, 7072 www.csj.jp/journals/chem-lett/

http://dx.doi.org/10.1021/cr00080a007
http://dx.doi.org/10.1021/cr00080a007
http://dx.doi.org/10.1021/cr00040a005
http://dx.doi.org/10.1021/cr00040a005
http://dx.doi.org/10.1021/ar9701068
http://dx.doi.org/10.1016/j.ccr.2006.04.018
http://dx.doi.org/10.1016/j.ccr.2006.04.018
http://dx.doi.org/10.1126/science.289.5482.1172
http://dx.doi.org/10.1038/nature01758
http://dx.doi.org/10.1038/nature01758
http://dx.doi.org/10.1007/128_011
http://dx.doi.org/10.1039/b500680p
http://dx.doi.org/10.1039/b500680p
http://dx.doi.org/10.1002/anie.201000807
http://dx.doi.org/10.1039/b807441k
http://dx.doi.org/10.1039/b807441k
http://dx.doi.org/10.1021/ja00039a047
http://dx.doi.org/10.1002/anie.199709301
http://dx.doi.org/10.1002/chem.200700041
http://dx.doi.org/10.1039/b915548a
http://dx.doi.org/10.1039/b915548a
http://dx.doi.org/10.1021/cm00044a014
http://dx.doi.org/10.1021/cm00044a014
http://dx.doi.org/10.1021/ja9041912
http://dx.doi.org/10.1021/ja9041912
http://dx.doi.org/10.1021/ja1087562
http://dx.doi.org/10.1021/ja111407m
http://dx.doi.org/10.1016/S0040-4039(00)94050-4
http://dx.doi.org/10.1021/ja00322a055
http://dx.doi.org/10.1016/0010-8545(95)01212-5
http://dx.doi.org/10.1021/ja021370l
http://dx.doi.org/10.1021/ja021370l
http://dx.doi.org/10.1021/ol036127l
http://dx.doi.org/10.1021/ol702830p
http://dx.doi.org/10.1021/ja8088372
http://dx.doi.org/10.1021/ja8088372
http://dx.doi.org/10.1038/367720a0
http://dx.doi.org/10.1038/367720a0
http://dx.doi.org/10.1021/ja982476c
http://dx.doi.org/10.1039/cc9960000551
http://dx.doi.org/10.1039/cc9960001535
http://dx.doi.org/10.1016/S0040-4039(97)10753-5
http://dx.doi.org/10.1016/S0040-4039(97)10753-5
http://dx.doi.org/10.1002/1521-3765(20011001)7:19<4142::AID-CHEM4142>3.0.CO%3B2-5
http://dx.doi.org/10.1002/(SICI)1096-987X(199604)17:5/6<490::AID-JCC1>3.0.CO%3B2-P
http://dx.doi.org/10.1002/(SICI)1096-987X(199604)17:5/6<490::AID-JCC1>3.0.CO%3B2-P
http://dx.doi.org/10.1002/chem.200600552
http://dx.doi.org/10.1002/chem.200600552
http://dx.doi.org/10.1021/cr970015o
http://dx.doi.org/10.1039/c1dt10980d
http://dx.doi.org/10.1039/c1dt10980d
http://www.csj.jp/journals/chem-lett/index.html
http://www.csj.jp/journals/chem-lett/index.html
http://www.csj.jp/journals/chem-lett/

